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Available online 6 July 2016Coherently grown nanolayered TiN/CrN thin ﬁlms exhibit a superlattice effect in fracture toughness, similar to
the reported effect in indentation hardness.We found–by employing in-situmicromechanical cantilever bending
tests on free-standing TiN/CrN superlattice ﬁlms– that the fracture toughness increases with decreasing bilayer
period (Λ), reaching a maximum at Λ ~ 6 nm. For ultrathin layers (Λ ~ 2 nm), the fracture toughness drops to
the lowest value due to intermixing and loss of superlattice structure. Both, fracture toughness and hardness
peak for similar bilayer periods of TiN/CrN superlattices.
© 2016 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
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Micromechanical testingHard coatings are used to protect engineering components, e.g. cut-
ting tools, from severe external loads and harsh environments [1].
Thereby, the coatings should ideally be strong and tough. Multilayer
coatings composed of two coherently stacked, alternating materials
with a periodicity length in the nanometer range, referred to as
superlattice ﬁlms, have been reported to possess exceptional high hard-
ness values exceeding that of their single layered constituents by some
hundred percent. In the 1980s, Helmersson et al. [2] reported on a hard-
ness enhancement of up to ~250% compared to single-layeredmaterials
for the single-crystalline coherent TiN/VN superlattice (SL) structure
grown by physical vapor deposition on single crystalline MgO (100)
substrates. Thereby, the peak hardness was found for a periodicity
length of ~5 nm. Later, an hardness enhancement was observed for a
row of other SL ﬁlm systems grown on MgO (100), but also on (native
oxide) of Si (100) and polycrystalline steel substrates [3].
Besides high hardness values, a sufﬁciently high fracture toughness
is needed to ensure the integrity of bulk and coated engineering compo-
nents. Unfortunately, thesematerial properties are commonlymutually
inﬂuential (especially for materials showing plastic behavior), as a high
strength often implies a low fracture toughness and vice versa [4]. In
the last decades various strategies have successfully shown how to
break down this relationship, spanning from grain reﬁnement toughen-
ing –based on the classical Hall-Petch relation used in a variety of steelse and Technology, TU Wien, A-
icle under the CC BY-NC-ND license ([5,6]– to recently found nanoscaled twinning mechanisms being
operative inhigh-entropy alloys –enabling exceptional high fracture-re-
sistance even at cryogenic temperatures [7]– and several other mecha-
nisms presented in Ref. [4]. Strategies for enhancing the (fracture)
toughness of ceramic coatings (see review by Zhang et al. [8]) include:
incorporating a ductile phase; toughening through a nanocrystalline
microstructure, composition, or structure grading; multilayer structur-
ing; phase transformation toughening; or apparent toughening by im-
plementation of compressive stresses, most of them being already
effectively applied in industrial products. However, the exceptional ef-
fect of a superlattice structure on the fracture toughness has yet not
been reported.
Here, we study the inﬂuence of the superlattice structure on the frac-
ture toughness. Therefore, we have conducted micromechanical exper-
iments on freestanding superlattice coatings with different bilayer
periods (Λ). The isomorphous face-centered cubic (B1) TiN/CrN
superlattice grown on Si (100) substrates served as a model system.
The constituents TiN and CrN represent one of themost widely used ni-
trogen-based hard coating materials and their shear moduli (~180 GPa
[9] and ~135 GPa [10], respectively) are signiﬁcantly different, which
promotes the superlattice effect [11].
TiN/CrN multilayer ﬁlms with equal thick layers –bilayer periods
ranging from ~2 to 200 nm, and total ﬁlm thicknesses of ~2 μm– were
synthesized by dc unbalanced reactive magnetron sputtering. All ﬁlms
were grown on Si (100) substrates (7 × 20× 0.38mm3) in an AJA Inter-
national Orion 5 magnetron sputtering system equipped with one two-
inch Cr and one three-inch Ti target (both from Plansee Composite Ma-
terials GmbH, 99.6 at.% purity). Prior to the deposition, the substrateshttp://creativecommons.org/licenses/by-nc-nd/4.0/).
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Subsequently, the substrates were mounted inside the deposition
chamber (evacuated to a base pressure below 10−4 Pa), thermally
cleaned at 500 °C for 20 min, and Ar-plasma etched (Ar pressure =
6 Pa) at the same temperature for 10 min. The deposition was carried
out at 500 °C in an Ar/N2 gas mixture with a ﬂow ratio of 1/1 and a
total pressure of 0.4 Pa. Both targets were dc powered using a target
power density of 6.8 W/cm2 for Ti and 7.6 W/cm2 for Cr. To ensure a
dense ﬁlm morphology, a constant negative bias potential of −60 V
was applied to the substrates. The alternating and equally thick TiN
and CrN layers were deposited by using a computer controlled shutter
systemmounted in front of the Ti and Cr targets. Films with the follow-
ing nominal bilayer periods (obtained by dividing the total ﬁlm thick-
ness with the number of TiN/CrN pairs) were synthesized: 1.8, 4.0, 6.2,
8.6, 9.4, 13.2, 18.0, and 186 nm. To highlight the superlattice effect itself,
we intentionally used only a moderate bias potential of−60 V during
the deposition of our polycrystalline TiN/CrN thin ﬁlms, although
Barshilia et al. [12], for instance, reported even higher peak hardnesses
for TiN/CrN superlattice ﬁlms when prepared with high bias potentials
of−150 V.
X-ray diffraction (XRD) patterns from all coatings were collected in
symmetric Bragg-Brentano conﬁguration using Cu-Kα radiation and
are presented in Fig. 1(a). The XRD patterns show that the ﬁlms grew
in the face-centered cubic crystal structure. Cumulative diffraction
peakswith peak positions laying in between TiN and CrNpeaks (instead
of two clearly differentiate peaks) reveal the presence of a superlattice
structurewith strained layers. Furthermore, positive and negative satel-
lite peaks reﬂecting the SL structure (marked exemplarily with arrows
in Fig. 1(a) in the vicinity of the 200 Bragg peak) emerge for the Λ=
6.2 nm multilayer ﬁlm and become more apparent with increasing bi-
layer period. In the case of the multilayer ﬁlm with the thickest bilayer
period (Λ= 186 nm), two clearly separated Bragg peaks matching TiN
and CrN lattice constants are observed, suggesting a largely indepen-
dent growth of TiN and CrN layers with incoherent or semi-coherent in-
terfaces, as expected for large bilayer periods. The native oxides on the
Si (100) substrates lead to the formation of a polycrystalline structure
within all our thin ﬁlms.
In order to conﬁrm the estimated nominal bilayer periods we con-
ducted X-ray reﬂectivity (XRR) measurements, Fig. 1(b), and used a
modiﬁed Braggs-law approach to calculate Λ:
sin2 θð Þ ¼ m  λ
2  Λ
 2
þ 2  δ; ð1Þ
wherem denotes the order of the reﬂection, λ the wavelength of ra-
diation (here Cu-Kα) and δ the real part of the average refractive index
(in our case δ ~ 1.6 ∗ 10−5) [13]. The XRR obtained bilayer periods excel-
lently ﬁt to the nominal bilayer periods, see the listed values in Fig. 1b.
The XRR patterns show no signs for a superlattice structure for our
thin ﬁlms with the largest and smallest nominal bilayer periods (Λ=
186 and 1.8 nm), hence, noXRR obtained bilayer periods could be calcu-
lated for these. This suggests that for our thin ﬁlm with the smallest
nominal bilayer period of 1.8 nm, the intermixing interface regions be-
tween TiN and CrN layers are too dominant to allow for the develop-
ment of a superlattice structure. These results are further supportedFig. 1. XRD (a) and XRR (b) scans of TiN/CrN superlattice ﬁlms with different bilayer
periods Λ. The arrows in (a) exemplarily mark satellite peaks in the vicinity of the 200
Bragg peak reﬂecting the SL structure. The bilayer periods quoted in the left column
(blue) in (b) were calculated by dividing the total ﬁlm thickness through the number of
TiN/CrN pairs (obtained from the computer controlled deposition system), those in the
right column (red) were calculated from the 2θ peak-positions. The coatings with the
thickness-obtained Λ of 1.8 nm and 186 nm show no signs of a superlattice structure.
Fig. 3. (a) Scanning electronmicroscope image (30° inclined from top view) of a pre-notched
69R. Hahn et al. / Scripta Materialia 124 (2016) 67–70by transmission electron microscopy (TEM) cross section images, Figs.
2(a) and (b). In contrast to our thin ﬁlm with a nominal Λ of 13.2 nm
(exhibiting a pronounced superlattice structure) no layered structure
can be observed for the sample with a nominal Λ of 1.8 nm, explaining
themissing XRR peak. The TEM sampleswere prepared by conventional
grinding of aﬁlm-substrate lamella down to a thickness of ~10 μmusing
a diamond abrasive. A GATAN Precise Ion Polishing Systemwas used to
further thin the sample down till electron transparency. The TEM-im-
ages were recorded using a FEI TECNAI F20 operating with an accelera-
tion voltage of 200 kV.
To determine the fracture toughness of all TiN/CrN thin ﬁlms,
micromechanical single cantilever bending tests were performed on
free-standingﬁlms. This approach allows to effectively eliminate poten-
tial sources of errors, like the inﬂuence of the substrate material and re-
sidual ﬁlm stresses on the fracture toughness [14]. The Si substrates
were locally dissolved by 90 min wet chemical etching in a 30 wt.% po-
tassium hydroxide (KOH) solution heated to 60 °C. As a result, free-
standing ﬁlms (~20 μm broad and a few mm wide) were obtained.
Cantilevers with dimensions of ~2 × 2 × 14 μm3 were fabricated by
Ga+ focused ion beam (FIB) milling perpendicular to the ﬁlm surface,
using a FEI Quanta 200 3D DBFIB work station. A ﬁnal milling current
of 500 pA at an acceleration voltage of 30 kV was employed. The pre-
notch was milled using 50 pA. A scanning electron microscope image
(30° inclined from top view) of a pre-notched single cantilever speci-
men after FIB milling is depicted in Fig. 3(a).
The in-situ micromechanical experiments were performed in a JEOL
scanning electron microscope (JEOL JSM 6430, JEOL Ltd., Akishima,
Japan) equipped with an UNAT SEM-2 nanoindenter (ASMEC GmbH,
Radeberg, Germany). A 2 μmspherical diamond tip was used for the ex-
periments. The tests were carried out on a displacement-controlled
mode, at a constant displacement rate of 5 nm/s. For each multilayer
ﬁlm system, 10 μ-beams were tested (with an average success rate of
~76%). Representative load-deﬂection curves for the SL ﬁlms with
Λ= 1.8, 6.2, and 18.0 nm are shown in Fig. 3(b). Note that deviations
on loading stiffness arise for different cantilevers due to small variations
on actual cross-sections and distances of applied load, l.Nonetheless, allFig. 2. HR-TEM images of the TiN/CrN superlattice ﬁlms exhibiting bilayer periods of 13.2
(a) and 1.8 nm (b), respectively. While the nanolayered structure can be clearly seen for
the large bilayer period sample (a) the interdiffusion-areas between TiN and CrN and
loss of the layer structure becomes evident for the smallest bilayer period samples
shown in (b).
single cantilever specimen beforemicromechanical testing. The insert is a post mortem SEM
imageof the fractured surface showingpre-notchdepth a. (b) Representative bending stress-
deﬂection curves recorded in the micromechanics single cantilever bending experiments
from TiN/CrN superlattice ﬁlms with bilayer periods of 1.8, 6.2 and 18.0 nm.SL structures present a perfect linear-elastic brittle fracture behavior
without any signs of plasticity in the load-displacement response.
Therefore, linear-elastic fracture mechanics was applied to quantify
the fracture toughness KIC:
KIC ¼ Pmax  lb w3=2  f
a
w
 
; ð2Þ
whereby the geometry factor f ðawÞ was taken as:
f
a
w
 
¼ 1:46þ 24:36  a
w
 
−47:21  a
w
 2
þ 75:18  a
w
 3
; ð3Þ
according toMatoy et al. [15]. Pmax denotes themaximum force, l the
lever arm, b the width of the cantilever, and w the ﬁlm thickness (see
Fig. 3(a)). The initial crack length, a, was determined from SEM micro-
graphs of the post mortem fracture surface, as shown in an example in
the insert of Fig. 3(a). The relatively ﬂat fracture surface together with
the absence of dimples or any other sign of signiﬁcant plastic deforma-
tion, conﬁrm the brittle fracture response of our thin ﬁlms.
The derived fracture toughness (KIC) vs. the bilayer period for all
superlattices studied – as well as those of the thin ﬁlms with a nominal
Λ of ~186 and 1.8 nm– is presented in Fig. 4 showing a pronounced bi-
layer-period-dependent behavior. For large bilayer periods (Λ ≥ 13 nm),
KIC remains relatively constant, at ~1.65 ± 0.1 MPa√m. For smaller
16
18
20
22
24
26
Hardness
H
ar
dn
es
s 
(G
Pa
)
Λ (nm)
260
280
300
320
340
Young's modulus
Yo
un
g's
 m
od
ul
us
 (G
Pa
)
0 5 10 15 20 25 160 180 200
1.0
1.2
1.4
1.6
1.8
2.0
2.2
Fracture toughness
K I
C
(M
Pa
m
)
Fig. 4. Fracture toughness KIC, indentation hardness H and moduli E of our TiN/CrN
superlattice thin ﬁlms as a function of their bilayer period Λ. The individual data points
are connected to guide the eye.
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~2.01± 0.18MPa√mat Λ ~ 6.2 nm. Further decreasing Λ drops dramat-
ically KIC to a minimum value of ~1.31± 0.13MPa√m at Λ ~ 1.8 nm. In-
terestingly, a very similar dependency is observed for the hardness
measurements, with H vs. Λ exhibiting a hardness peak with 24.2 ±
0.9 GPa at Λ ~ 8.6 nm. The agreement between KIC vs. Λ and H vs. Λ sug-
gests that similar bilayer-period-dependent mechanisms could be re-
sponsible for both, the indentation hardness and the fracture
toughness enhancement. The relatively constant indentation modulus
as a function of the bilayer period, E vs. Λ, further proofs our KIC vs. Λ
curve by the coincidence with the H/E empirical criteria, often used to
qualitatively rate materials for their toughness [16,17]. This simpliﬁed
criterion predicts for brittlematerials with similar E values, that a higher
hardness would result in a higher energy absorbed until fracture.
The hardness enhancement due to the superlattice effect, described
by the model after Chu and Barnett [18], is based on two mechanisms
being operative during plastic deformation of a superlattice system.
For small bilayer periods, the stresses required for dislocations to glide
across layers with different shearmoduli increasewith increasing bilay-
er periods. The second mechanism describes the stress required to
move preexisting dislocations within the layers, as well as the stress re-
quired to activate dislocation sources. The latter two required stresses,
τ, decrease with increasing bilayer period, following a Hall-Petch-like
relationship:
τ∝Λ−m: ð4Þ
According to Chu and Barnett [18] the hardness enhancement in
superlattices is, therefore, a plasticity driven phenomenon, and as
such, is governed by dislocation mobility. In contrast, the herein pre-
sented fracture experiments show an absence of plastic deformation,
hence, behave in a linear-elastic brittle manner. In this case the failure
of the material is controlled by the average defect density and average
maximum defect size. Thereby, rather than a bilayer-period-dependent
dislocation-based mechanism, there must be an underlying bilayer-pe-
riod-dependent property governing both SL effects. Someof these bilay-
er-period-dependent properties might be: coherency strains; misﬁt
dislocation arrays at the interface; spatially oscillating elastic moduli
inﬂuencing crack growth; average grain size and other defects conﬁned
into individual layers.It is yet to be discovered which intrinsic SL property is responsible
for the fracture toughness enhancement. But based on our results, a
power-law relationship similar as for τ will hold between the fracture
toughness and the bilayer period:
KIC∝Λ
−m; ð5Þ
with the exponentm depending on the type and interface constitu-
tion of the superlattice structure. The exponent m equals roughly 0.25
for our superlattice TiN/CrN coatings with Λ ≥ 6.2 nm.
The decline in H as well as KICwhen further reducing the bilayer pe-
riod (below ~6 nm) is also based on the decreasing SL effect, as with
smaller bilayer periods the intermixing interface-regions between
both layer types become dominant – see Figs. 1(b) and 2(b) and the
missing signs for a superlattice structure with a nominal Λ of 1.8 nm.
Based on our results on polycrystalline TiN/CrN SL structures –de-
posited by unbalanced magnetron sputtering with different bilayer pe-
riods on Si (100) substrates–we can conclude, that a signiﬁcant increase
in fracture toughness is observedwhen SL structures are formed, similar
to the well-known SL effect on hardness. However, further investiga-
tions into the toughening mechanisms are required in order to better
understand this behavior and how it relates to the hardness SL effect.
This new superlattice effect represents a signiﬁcant improvement in
mechanical properties of hard thin ﬁlms, especially when both, hard-
ness and fracture toughness, are simultaneously enhanced as it is the
case here.
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